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Abstract 
Musculoskeletal injury is the leading cause of racehorse attrition and fatalities.  Many factors have been implicated in racehorse 
musculoskeletal injury, including race surface.  Race surface material has been shown to affect ground reaction forces applied 
to the hoof, limb kinematics, surface dynamic mechanical behavior, and incidence of injury.  The optimal interaction of the 
racehorse hoof with the race surface during locomotion is unknown.  Further, the effect of surface on limb biomechanics has 
only been examined by installing a surface and observing horses during gallop across the surface. Installation of new surfaces is 
financially costly, results in lost training time, and does not allow a thorough evaluation of possible mechanisms of injury 
associated with surface/hoof interactions. A computational equine limb-surface simulation model is needed to examine 
racehorse limb biomechanics on virtual surfaces, and further to consider the possible musculoskeletal consequences of a 
surface, prior to installation. A racetrack surface model was developed for use in musculoskeletal modelling and simulation 
applications. Surface parameters were determined by fitting empirical force, displacement, and velocity data collected during 
vertical and angled dynamic soil tests using a track-testing device.  Simulations of the dynamic soil tests on the surface closely 
reproduced measured load and displacement data. In the future, this surface model may be incorporated in racehorse limb 
simulations of gallop using virtual surface parameters to predict the optimal surface mechanical properties for musculoskeletal
health during racing and training. 
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Selection and peer-review under responsibility of the Centre for Sports Engineering Research, Sheffield Hallam University. 
Keywords: horse; racetrack surface; musculoskeletal modelling; racehorse 
* Corresponding author. Tel.: (530) 752-7438
E-mail address: smstover@ucdavis.edu 
  Elsevier Ltd. Open access under CC BY-NC-ND license. 
l ti   r-r ie  under responsibility of the Centre for Sports Engin ering Research, Sheffield Hallam University
914   Jennifer E. Symons et al. /  Procedia Engineering  72 ( 2014 )  913 – 918 
1. Introduction 
Musculoskeletal injury is the leading cause of racehorse fatalities and attrition. Many factors have been 
implicated in the incidence of racehorse musculoskeletal injury, including race surface. Race surface type has been 
shown to affect racehorse limb motion (Symons 2013), loads applied to the hoof (Setterbo 2009), surface dynamic 
mechanical behaviour (Setterbo 2013), and injury rates and anatomical locations (Dimock 2013). Race surface is a 
promising avenue for racehorse injury prevention because it is a material that can be designed and controlled 
through material selection and maintenance procedures. Furthermore, installation of a single racetrack surface has 
the potential to affect an entire population of racing and training horses.  
 
Acceptance of synthetic surfaces has been mixed within the racing industry. Incidence of catastrophic 
injuries has declined with the conversion of dirt surfaces to synthetic surfaces (Arthur 2010). However, anecdotal 
reports suggest an increase in proximal hind limb injuries and slower race times. New surface materials have also 
necessitated changes in maintenance procedures, largely learned through empirical experience.  Consequently, 
owners, trainers, veterinarians, and racetrack management have been hesitant to accept changes to novel, untested 
synthetic surfaces.   
 
Race track optimization techniques have resulted in track designs that have lowered injury rates and 
running times in humans (McMahon 1979). However, such techniques have not been considered in racehorse track 
design. By applying similar techniques, researchers may assess racehorse limb motion, and associated 
musculoskeletal consequences, on a virtual surface prior to installation.  
 
Consistent race surface behaviour is important to racehorses training and competing at different tracks. 
Racetrack surface behaviour is dependent on material (Setterbo 2013), moisture content, temperature (Peterson 
2010), and maintenance procedures (Peterson 2008). Thus, racetracks in different regions, and associated climates, 
may require different racetrack materials and maintenance procedures to achieve similar surface dynamic 
behaviours. In order to establish consistent behaviour across racetracks in different regions, optimization is best 
attained at the apparent level. Then, racetrack management may determine the appropriate materials and 
maintenance protocols necessary to achieve optimal and consistent surface behaviours across unique environments. 
 
The current research modelled apparent race surface behaviour in musculoskeletal modelling software. 
This environment allows for the simulation of data derived from dynamic soil tests, as well as implementation in a 
Thoroughbred equine forelimb model (Swanstrom 2005) during simulation of hoof impact with a virtual surface. 
The surface model was used to characterize soil behaviour during impact of soil testing equipment.  
 
Nomenclature 
SIMM Software for Integrative Musculoskeletal Modeling  
TTD  Track Testing Device 
zi vertical displacement of the ith node (m) 
xi horizontal displacement of the ith node (m) 
dzi/dt vertical velocity of the ith node (m/s) 





Data obtained from dynamic soil vertical drop tests were fit to determine the usefulness of a spring floor 
function and derive parameters for dirt and synthetic surfaces.  These parameters were incorporated in simulations 
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of the soil tests in musculoskeletal modelling software (SIMM, Software for Integrative Musculoskeletal 
Modeling). Outputs of simulated tests were compared to empirical data to determine the validity of the virtual 
racetrack surface model for vertical and angled impacts.  A frictional component was included in the model for 
non-vertical drops.   
 
2.1. Dynamic Soil Testing 
 
 The dynamic behaviour of racetrack surfaces of 2 different materials (dirt, synthetic) was recorded using a 
track-testing device (Figure 1, six-axis load cell, laser displacement, 2000 Hz), designed to simulate the effective 
mass of a racehorse’s hoof impacting the ground at fast trot or slow gallop (Setterbo 2013). Vertical and angled (20 
degrees from vertical) impacts were performed at 3 impact velocities (1.91, 2.30, and 2.63 m/s). Load and 
displacement data were collected at multiple sites and multiple days for a dirt surface and for a synthetic surface. 
 
 
Figure 1. Track-testing device (TTD) recorded dynamic racetrack surface properties. White arrows indicate the 
positive Z axis and negative X axis of the TTD load cell.  
 
2.2. Surface Force Model 
  
Vertical and horizontal empirical force data were fit using a custom Matlab program, then incorporated in 
SIMM using the spring floor function (Neptune 2000). Twenty force elements were distributed along the midline 
(in XZ plane, Figure 1) of the virtual load cell platen (Ai, area of ith element). Vertical forces (Fn,i, normal force of 
ith element) were characterized as a function of vertical displacement, vertical velocity, and 6 vertical coefficients 
(Equation 1, C1-6). 
 
    (1) 
 
Horizontal forces (Ff,i frictional force of ith element) were modelled by incorporating a coefficient of 
friction (P) component associated with the normal force (Equation 2). A viscous damping coefficient (C7, 5x106) 
was included to mitigate discontinuity at low horizontal velocities (Equation 3, dx/dt < [(P·Fn,i)/(Ai·c7)]). 
 
         (2) 
 
          (3) 
 
2.3. Vertical Impacts 
  
During vertical impacts, all elements across the load cell platen experience the same vertical 
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displacements and velocities. Therefore, the vertical force was modelled as a single equation, where the area of the 
ith element was the total area of the platen. Displacement threshold (C6) was determined from empirical data as the 
displacement distinguishing between linear and exponential force accumulation. All other vertical coefficients 
were determined using a curve fitting tool (CFTool, Matlab) and empirical force, displacement, and velocity data. 
Velocity was calculated from measured displacements (Gradient function, Matlab). Vertical impacts were 
simulated by solving a system of first order differential equations (ODE45, Matlab), with fitted vertical 
coefficients (C1-6) and a reduced impact mass of 23.8 kg (mass above the load sensor). The resulting force, 
displacement and velocity profiles were compared to empirical data using a series of fit statistics (R-squared, 
RMSE, etc.). Scalar coefficients (C1,3) were then scaled by the ratio of total moving mass to the mass above the 
load sensor (27.8 kg: 23.8 kg, 1.168). Vertical impact simulations were then repeated with scaled coefficients and 
the total moving mass to determine loads at the interface of the racetrack surface and TTD.  
 
2.4. Angled Impacts 
  
 During angled impacts, the area of the load cell contacting the ground changes as a function of 
displacement. Equations similar to the vertical impacts were formatted to account for the changing area by 
examining the positive part of the sum of TTD lower leading edge displacement and appropriate vertical offsets for 
each force node. Vertical coefficients (C1-6) were fitted using empirical force (global vertical and horizontal), 
displacement (global vertical), and velocity (global vertical) data from angled drops. Coefficient of friction (P) was 
determined as the best linear fit of the ratio of global horizontal and vertical forces. Two systems of differential 
equations, for the mass above the load sensor and total mass, were solved to determine force, displacement and 
velocity profiles consistent with empirical data and musculoskeletal modelling results. 
 
2.5. TTD in SIMM 
 
 The moving mass of the TTD was modelled in SIMM as a cylinder (radius 12.7 cm, mass 27.8 kg) 
impacting the floor vertically and at an angle (20° from vertical) with 20 force nodes placed along the sagittal 
midline of the load cell surface. Initial position and velocity of the TTD mass were determined using empirical 
velocity data and fitted C6. Output spring floor forces from forward dynamic simulations were compared to Matlab 
results from the total moving mass.  
3. Results 
Dynamic race surface behaviour was modelled using a custom Matlab program and SIMM, to develop a 
method for incorporating race surface behaviours in SIMM forward/inverse dynamics simulations. Matlab results 
simulating the mass above the load sensor (Figure 2, blue diamonds) closely replicated measured force, 
displacement, and velocity data (Figure 2, green triangles), particularly during loading and initial unloading. 
However, the model results did diverge from empirical data during rebound. The model typically overestimated 
forces and thus rebound displacements, compared to data collected from the TTD. Matlab results simulating the 
total moving mass of the TTD allowed for prediction of forces at the interface between the TTD load cell and the 
race surface. SIMM force, displacement and velocity results (Figure 2, purple circles) were identical to those 
results obtained from the custom Matlab program (Figure 2, red squares).  
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Figure 2. Force versus displacement curves from TTD (solid black line), Matlab ODE45 23.8 kg mass (dotted blue 
line, lower), Matlab ODE45 27.8 kg mass (dotted red line, upper), and SIMM (dashed gray line) during an angled 
impact on a synthetic surface. 
 
Table 1. Fit statistics for initial model curve fit of vertical and horizontal coefficients with empirical force, 
displacement and velocity data. Linear fit results comparing empirical force profile (ForceTTD) to force profile 
output from Matlab differential equation solver (ForceODE45, function of fitted coefficients). 
  Dirt Synthetic 
  Vertical Angled Vertical Angled 
Model Curve Fit: 
Adjusted R squared 0.99±0.01 0.98±0.01 0.99±0.00 0.98±0.01 
RMSE (N) 307.56±135.76 327.02±105.55 214.44±57.01 208.41±69.61 
Linear Fit: ForceTTD vs ForceODE45 
Adjusted R squared 0.95±0.03 0.93±0.03 0.98±0.01 0.95±0.01 
RMSE (N) 564.33±239.09 555.71±147.63 287.47±105.33 330.84±59.05 
Slope 0.95±0.03 0.97±0.04 0.96±0.03 0.97±0.03 
 
4. Discussion 
A method for incorporating virtual race surfaces in a musculoskeletal modelling environment was 
developed and compared to empirical soil test data. This model was able to reproduce forces comparable to 
experimental force and displacement data collected from impacts on dirt and synthetic surfaces. Furthermore, the 
model allowed for approximation of loads experienced at the surface interface. Prior to this method, loads recorded 
within the soil testing device underestimated surface loads.   
 
The model performed particularly well during loading and initial unloading. Divergences did occur during 
rebound, where the model overestimated forces and thus rebound displacements compared to empirical data. Thus, 
the present model may be acceptable for simulating initial impact behaviour. However, this model should be used 
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cautiously when considering later phases of stance. More complex curve fitting techniques, and model functions 
and parameters are needed to improve performance during rebound. 
 
This method examined surface behaviour at the apparent level. By doing so, future optimization methods 
may use fewer parameters, compared to more complex constitutive models. Furthermore, racetrack surfaces are 
sensitive to differing climate factors. Thus, a single racetrack material mixture and maintenance protocol will not 
likely exhibit identical behaviours when implemented across the wide range of regions where horse-racing occurs. 
The objective of this work was to establish a method for an existing Thoroughbred equine forelimb model 
(Swanstrom 2005) to interact with a virtual racetrack surface reflecting soil testing data in forward/inverse 
dynamics simulations. Future simulations may further understanding of the relationship between racetrack surface 
and racehorse limb dynamics. Ultimately, our goal is to optimize and standardize racetrack surface behaviour to 
promote limb dynamics consistent with musculoskeletal health. 
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